1. Introduction {#s0005}
===============

HIV is known to impact the central nervous system (CNS) and result in functional and neuropsychological impairment that underlie HIV-associated neurocognitive disorder (HAND) ([@bb0115]). While the introduction of antiretroviral therapy (ART) has decreased the frequency of more severe forms of HAND, the overall prevalence remains unchanged at 30--50% among populations with access to ART ([@bb0120]). Structural and functional brain abnormalities have been reported in later stages of HIV infection; yet, it remains unknown when in the course of HIV infection these structural or functional CNS changes occur ([@bb0160]; [@bb0110]). Acute HIV infection (AHI), the first weeks following infection when HIV antibody is often undetectable, is the earliest stage of the disease and is distinguished from individuals identified during early or primary HIV (\<1 year of infection) and chronic HIV infection (\>1 year after infection) ([@bb0080]). In chronic HIV, people with HAND can experience worse performance in executive, attention, working memory, and information processing speed ([@bb0285]). Structural brain changes may underlie these cognitive issues, as white and gray matter differences have been seen in older age in fully suppressed chronically infected HIV participants using diffusion tensor imaging (DTI) and volumetric measurements ([@bb0250]; [@bb0230]; [@bb0235]; [@bb0140]; [@bb0015]). AHI is also marked by very high plasma viremia, which, when untreated contributes to the morbidity and mortality of HIV and to HIV associated dementia in the chronic phase of disease ([@bb0190]; [@bb0150]; [@bb0265]; [@bb0215]). However, initiation of ART during AHI precedes establishment of viral set-point and lowers viral reservoir levels in peripheral blood mononuclear cells, potentially altering disease trajectory ([@bb0010]). Examining early structural and functional alterations in the brain during AHI allows us to understand if early treatment can mitigate changes that result in cognitive impairment in later stages and provides critical knowledge regarding the initial CNS sites of infection that are involved.

Neuropsychological testing abnormalities and neurological exam findings are present in some individuals during AHI, and may be caused by structural brain changes. HIV RNA is detected in the cerebrospinal fluid (CSF) as early as eight days after estimated exposure to HIV, although gross widespread structural CNS differences have not been identified in AHI ([@bb0145]; [@bb0125]; [@bb0255]; [@bb0195]; [@bb0085]). Standard volumetric techniques explored to date are less sensitive and may not detect changes in this early phase, as Magnetic Resonance Spectroscopy (MRS) suggests cellular inflammation is present in AHI ([@bb0200]). Identifying vulnerable neuroanatomy through more sensitive neuroimaging techniques will inform whether microstructural damage exists and could support the identification of initial CNS sites involved.

Few studies have examined neuroanatomical changes occurring during AHI using DTI and resting-state functional magnetic resonance imaging (rs-fMRI). Cao et al. reported reduced regional brain volumes and white matter microstructural neuroimaging abnormalities in a small sample of individuals with HIV disease duration of 0--4 months ([@bb0040]). However, the group reported high rates of illicit substance use and mixed ART status. Separate analyses of the same cohort revealed brainstem and third ventricular enlargement in conjunction with parenchymal reduction and reduced microstructural integrity of the white matter quantified by DTI ([@bb0195]). Brain volumes also correlated with cytokine levels ([@bb0195]). This study also postulated engagement of the corpus callosum as the primary site of viral brain infiltration by documenting comparatively lower white matter integrity quantified using DTI compared to controls. Another study detected diminished resting-state functional connectivity (rsFC) of the inferior parietal cortex within the lateral occipital network in primary HIV infection, within 1 year of infection (7 out of 15 were treatment naïve), as compared with controls ([@bb0260]). In this study, rsFC within the lateral occipital network was correlated with neuropsychological performance among those with HIV ([@bb0260]).

Together, these data suggest that DTI and rs-fMRI may be useful in detecting early alterations in brain structure and function in AHI. Here, we utilize DTI and rs-fMRI to compare 49 AHI participants to 23 demographically similar, uninfected controls to determine whether microstructural white matter and rsFC of cortical and subcortical networks are disrupted during AHI. We examined relationships between both white matter integrity and rsFC and immune system function (CD4:CD8 ratios), viral load (HIV RNA), and cognitive performance (NPZ-4).

2. Methods {#s0010}
==========

2.1. Participant selection {#s0015}
--------------------------

We enrolled participants seeking HIV testing who were determined to be in AHI at the Anonymous clinic of the Thai Red Cross AIDS Research center in Bangkok, Thailand. Most were classified in the primary Fiebig stages of AHI: Fiebig stage I (HIV RNA+, p24 antigen-, HIV IgM-, n = 3), stage II (HIV RNA+, p24 antigen+, HIV IgM-, n = 10), stage III (HIV IgM+, Western Blot -, n = 30), stage IV (HIV IgM+, Western Blot indeterminate, (n = 4)), stage V (Western Blot+ without p31 band, n = 2) and agreed to imaging, laboratory assessments, and clinical follow-up as outlined in a broader protocol set to investigate the immunology and virology of AHI (SEARCH 010/RV 254, [ClinicalTrials.gov](http://ClinicalTrials.gov){#ir0005} identifier [NCT00796146](NCT00796146){#ir0010}) ([@bb0080]; [@bb0065]). Infection duration was calculated by participant\'s self-reported exposure date, or by taking the median date of multiple potential exposures.

In this study, we compare AHI participants (n = 49) with demographically similar, age matched HIV uninfected controls (n = 23) enrolled from concurrent HIV protocols (RV304/SEARCH 013: [NCT01397669](NCT01397669){#ir0015}). Any AHI participants showing positive serology for syphilis (serum VDRL) at diagnosis were excluded (n = 10). We examined all SEARCH 010/RV254 participants who consented to and underwent neuroimaging on a 3.0 Tesla MRI (dates: 7/6/2015--3/14/2017) were chosen from the greater population of those enrolling in the protocol. All control participants were scanned on the same MRI with identical scanning sequences and parameters. Of the 69 AHI eligible participants, full data were available for 49, after excluding participants due to positive serum syphilis serology (n = 10), and excessive motion during resting-state (n = 7) and DTI (n = 3) scans.

Among a broader set of clinical and laboratory variables captured at baseline, this analysis utilized a four test neuropsychological battery (NPZ-4), CD4 lymphocyte counts, CD8 lymphocyte counts, and plasma HIV RNA (copies/mL). MRI for the AHI group was performed *prior* to combination ART in 26 participants, and a mean (SD) of 2(1.1) days *after* combination ART initiation in 23 participants. The study was approved by institutional review boards from all participating sites all participants also provided written and informed consent.

2.2. Neuropsychological assessment {#s0020}
----------------------------------

Our four-category neuropsychological testing battery included of the Grooved Pegboard test non-dominant hand (fine motor function), Color trails 1 (psychomotor speed), Color Trails 2 (executive functioning/set-shifting) and Trail Making A (psychomotor speed). These tests were combined into an overall cognitive performance score (NPZ-4) conducted and tabulated as previously described ([@bb0125]).

2.3. HIV disease variables {#s0025}
--------------------------

Quantification of HIV RNA followed standard measures derived from previous work ([@bb0065]). Corresponding plasma HIV RNA, CD4, and CD8 cell counts were measured the day of enrollment into the study and within a mean (SD) 2.6 ([@bb0250]) days of MRI acquisition. Estimated infection duration was calculated using a median of participants\' self-reported exposure date(s), as previously described ([@bb0255]).

2.4. Imaging data acquisition {#s0030}
-----------------------------

All structural and functional magnetic resonance imaging (MRI) data were acquired using the same Philips Ingenia 3T MRI scanner equipped with a 15-channel volume head coil for signal excitation and reception. High-resolution T1-weighted structural images were acquired using a standard T1-weighted imaging turbo field echo (T1W 3D TFE) scan (TR/TE/flip angle (FA): 8.1 ms/3.7 ms/8°, matrix:256 × 256 × 165, field of view (FOV): 256 mm × 256 mm, voxel size: 1 mm × 1 mm × 1 mm, number of slices: 165, no gap). DTI and rsFC scans were all captured on the same version and hardware. DTI sequences included gradients applied in 32 directions with a b value of 1000 s/mm^2^ (TR/TE/FA: 11000 ms/111 ms/90°, matrix size = 128 × 126, FOV: 256 mm × 256 mm and slice thickness: 2 mm × 2 mm × 2 mm, number of slices: 2380 axial; slices). Resting-state functional images were acquired using T2\*-weighted Echo Planar Imaging (EPI) sequence (TR/TE/FA: 1600 ms/22 ms/70°, matrix size: 128 × 128, FOV: 224 mm × 224 mm slice thickness: 1.75 mm × 1.75 mm × 3.5 mm, number of slices: 9694 axial slices) for the resting-state scan acquired with the subject\'s eyes closed (lasting about \~7 min/262 volumes).

2.5. Preprocessing and template creation for DTI {#s0035}
------------------------------------------------

We applied the FSL MCFLIRT algorithm to register DWI images to the primary volume of the sequence ([@bb0135]). Data reflecting absolute displacement parameters beyond 1 mm were screened out and volumes surpassing relative displacement parameters beyond 1 mm were removed (n = 3). Background voxels not considered as brain tissue were then masked out of the DWI volumes by applying a median otsu function ([@bb0095]). This function utilized the B~0~ acquisitions to provide a mask using otsu thresholding with a 4 mm radius and 4 iterations to minimize intra-class variance ([@bb0095]). We used the re-aligned diffusion images, the mask, and the b-vectors and b-values to correct for eddy current-induced distortions (FSL Eddy). Remaining tensors were then fitted using DIPY with a non-linear least-squares approach derived fitting model to construct FA, MD, RD and AD maps from standard equations ([@bb0095]; [@bb0175]).

Post processing steps included construction of a group template and normalization of DTI metric maps into standard DTI-TK space for Tensor Based Registration ([@bb0305], [@bb0310]). A Thai group template was created using tensor based registration of participants\' processed DTI volumes through a boot strapping algorithm to a standard DTI template provided by DTI-TK. The next step involved computing affine alignment transformations using DTI-TK (dti_affine_population) to place all participants into standard space employing a normalized mutual information cost function with 3 iterations. A binary mask was then created using (BinaryThresholdImageFilter) the trace diffusion (MD) map to mask out tensors outside template brain tissue. A final deformable alignment (dti_diffeomorphic_population) was then used to register all participants to iteratively refine the Thai template. The stored affine transformations and displacement field vectors are then computed to a combined displacement field (dfRightComposeAffine) and applied (deformationSymTensor3DVolume) to transform the native participant DTI volumes to standard Thai template space to minimize interpolation steps.

2.6. Diffusion indices analysis {#s0040}
-------------------------------

Analyses followed conventional tract based spatial statistics (TBSS) integration pipeline using DTI-TK. After the post processing steps were completed, proceeding skeleton creation, projection and statistics were carried out using standard FSL TBSS processing (FMRIB Software Library; <http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS>). A white matter skeleton was created from FA maps to enhance statistical comparison of peak white matter tracts based on previous work by [@bb0220]).

Region of interest analyses were conducted by masking different ROIs derived from the Johns Hopkins atlas onto diffusion index maps (FA, MD, RD, and AD) for each participant. We accomplished this by estimating (fsl_reg) and applying (applywarp) warping parameters to transform the Johns Hopkins University atlas (JHU) space to the DTI-TK space template. Mean DTI metrics were then extracted using ANTs (ImageIntensityStatistics) for ROIs of interest chosen based on existing literature. The ROIs included: the corpus callosum identified as having lower FA values in early infection, corona radiata affected in early and chronic HIV, and superior longitudinal fasciculus considered an affected and sensitive tract in early HIV were included ([@bb0195]; [@bb0270]; [@bb0100]).

2.7. Preprocessing and motion analysis for resting-state fMRI data {#s0045}
------------------------------------------------------------------

### 2.7.1. Preprocessing steps {#s0050}

The resting-state functional data were processed in AFNI and FSL (FMRIB Software Library; [http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/](http://fsl.fmrib.ox.ac.uk/fsl/fslwiki){#ir0025}) ([@bb0055]). First, the following preprocessing steps were performed ([@bb0115]): images were deobliqued (3dWarp) ([@bb0120]), first three volumes were omitted (3dcalc) ([@bb0160]), motion corrected by rigid body alignment to the first EPI acquisition (3dvolreg) ([@bb0110]), the 3D + time series were despiked to remove time series outliers (3dDespike), and ([@bb0080]) temporally filtered (band-pass: 0.009 Hz \< f \< 0.08 Hz; 3dTproject) and spatially smoothed with a 3D 4-mm full-width half-maximum (FWHM) Gaussian kernel (3dmerge). Next, the skull-stripped anatomical scan for each participant was rigidly coregistered first with the T1, then with the EPI, and diffeomorphically aligned to Montreal Neurological Institute (MNI)-152 template space using a symmetric normalization algorithm ([@bb0305]). Normalized T1 anatomical images (i.e., aligned to the EPI and in original space) were also segmented into gray matter, white matter, and CSF using FAST in FSL ([@bb0300]). White matter and CSF segments were used as masks to extract a representative time series from each tissue type. A whole-brain mask was used to extract the time series for the global signal. Final preprocessing steps were performed in a GLM (3dDeconvolve) to account for motion and other typical nuisance variables ([@bb0115], [@bb0120]; [@bb0160]; [@bb0110]; [@bb0080]; [@bb0285]): six motion parameters (three translations, three rotations) obtained from the rigid body alignment of EPI volumes and their six derivatives ([@bb0250]), the white matter time series and the derivative ([@bb0230]), the ventricular (CSF) time series and the derivative, and ([@bb0235]) a whole-brain or global signal time series and the derivative ([@bb0050]). To further control for individual motion within the GLM, volumes were censored for excessive motion, as described below (i.e., framewise motion displacement and extreme timeseries displacement; see "Motion analysis"). The resulting preprocessed resting-state data was used in the functional connectivity analysis described below.

### 2.7.2. Motion analysis {#s0055}

We also examined motion for each participant, as individual differences in participant motion can contribute to resting-state correlations ([@bb0180]). Seven participants (6AHI: 1 control) were excluded due to excessive motion based on the following criteria: mean framewise motion displacement (i.e., volume to volume movement across the time series) \>3 mm, and/or total scan time \< 3 min after censoring all time points with framewise motion displacement \>0.2 mm and extreme timeseries displacement (i.e., time points where \>10% of voxels were outliers) ([@bb0180]). The number of participants excluded due to motion according to HIV group was as follows: AHI Group ([@bb0285]); HIV uninfected Group ([@bb0115]). These specific thresholds were selected based on previous research to provide the most conservative criteria for motion correction ([@bb0185]; [@bb0210]; [@bb0295]). As in previous work, average relative root-mean-squared (RMS) displacement was used as a summary measure of participant motion ([@bb0050]). Importantly, using this summary measure, there were no significant differences in average RMS motion between the AHI and HIV uninfected groups (*t* (70) = 0.20, p \> 0.80) were observed.

2.8. Functional connectivity analysis {#s0060}
-------------------------------------

We performed seed-based voxelwise functional connectivity analyses for 21 seed regions of interest (ROIs) for 3 cortical networks \[default mode (DMN), frontoparietal (FPN), and cingulo-opercular (CON)\] and 6 subcortical striatal networks \[dorsal caudate (DC), dorsal caudal putamen (DCP), dorsal rostral putamen (DRP), ventral rostral putamen (VRP), ventral striatum inferior (VSi), ventral striatum superior (VSs)\] ([Table 2](#t0010){ref-type="table"}, Supplementary Fig. 1) ([@bb0020]; [@bb0070]; [@bb0035]). These network seed ROIs were selected as they have been previously implicated in HIV ([@bb0260]; [@bb0130]; [@bb0165]; [@bb0240]; [@bb0315]; [@bb0245]). All network seed ROIs were generated using the Wake Forest University PickAtlas, to create a spherical seed (6-mm radius for cortical, 4-mm for subcortical) centered on the coordinates for each ROI in MNI space ([@bb0155]). The transformation matrix from the registration procedure described above was used to transform each seed from MNI space to original space (3dfractionize), with the accuracy of seed locations for each participant verified by one of the authors (C.L.P).

For each participant, the mean resting-state BOLD time series from each seed ROI was included in a GLM (3dDeconvolve). To create the correlation maps for each seed ROI, we performed the following steps ([@bb0115]): used the output from the GLM to convert R^2^ values to correlation coefficients (*r*), and ([@bb0120]) converted the correlation coefficients to z-scores via Fisher\'s r-to-z transform (as in [@bb4000]). The transformation matrix from the registration procedure described above (see "Preprocessing Steps") was also used to align the correlation maps for each participant to MNI-152 space. The resulting z-score maps were then entered into the second level statistical analyses.

2.9. Statistical analysis {#s0065}
-------------------------

### 2.9.1. DTI indices analyses {#s0070}

To examine group differences between AHI and CO, tract based spatial statistics (TBSS) were employed to constrain statistical analysis to voxels defined as having peak values in white matter tracts using a skeletonization procedure ([@bb0220]). Family wise error (FWE) error corrected threshold free cluster enhancement (TFCE) using FMRIB Software Library (FSL). Randomise with 5000 permutations at an alpha of 0.05 was used to define significant areas at the whole-brain level ([@bb0280]).

For the region of interest analyses, we used regions outlined in existing literature to inform areas affected in AHI ([@bb0195]). Utilizing the Johns Hopkins DTI white matter atlas we included the corpus callosum (whole and by segment: body, splenium, genu), superior longitudinal fasciculus, and corona radiata. Paired *t*-tests were used to compare ROIs between AHI and uninfected controls as well as within AHI between the ART exposed group and those receiving ART after imaging.

General linear models were carried out using Stata v13.1 to determine associations between DTI metrics and disease status, NPZ-4, HIV RNA, CD4 cell counts, CD8 cell counts, and CD4:CD8 ratios within the AHI group. Supplementary analyses compared Fiebig groups I and II (n = 13) to later Fiebig stages (n = 36) in ROI analyses using *t*-tests and voxelwise analyses using voxelwise t-tests with the same parameters as the groupwise HIV status comparisons above.

2.10. rsFC {#s0075}
----------

### 2.10.1. Functional connectivity analyses {#s0080}

To investigate group differences in cortical and subcortical network rsFC between AHI and HIV uninfected groups, we performed unpaired two-sample *t-*tests on the z-score connectivity maps derived from the seed-based connectivity analyses for each seed ROI. Similar to the DTI analyses, we also performed voxelwise regression analyses within the AHI group to examine differences in rsFC due to brief exposure to ART, defined as brief exposure versus no exposure to ART. As a follow-up analysis, we also explored differences in rsFC within the AHI group associated with early (stages I and II, n = 13) versus later Fiebig stages using unpaired two-sample *t-*tests on the z-score connectivity maps derived from the seed-based connectivity analyses for each seed ROI.

To correct for multiple comparisons, we implemented a family-wise error (FWE) correction approach at the cluster level using a whole-brain mask (3dClustSim in AFNI version updated July 2017) and applied cluster-extent thresholding ([@bb0045]; [@bb0090]). To address the non-Gaussian nature of fMRI data the autocorrelation function (−acf) was used to calculate the FWHM for each participant (3dFWHMx in AFNI) ([@bb0075]). The cluster-extent threshold corresponded to the statistical probability (*α*= 0.05, or 5% chance) of identifying a random noise cluster at a predefined voxelwise threshold of p \< 0.001 (uncorrected). In the present study, using this whole-brain FWE cluster correction and Bonferroni correction for the number of seed ROIs (n = 21), a cluster-corrected size of ≥163 voxels was significant at p~FWE~ \< 0.002 (0.05/21 = 0.002) in the group analyses reported below. These results were overlaid on the normalized mean anatomical image.

We also performed separate voxelwise regression analyses (3dttest ++ in AFNI) within the AHI group to examine the relationship between rsFC and NPZ-4 and clinical variables (HIV RNA, CD4 cell counts, CD8 cell counts, and CD4:CD8 ratios).

3. Results {#s0085}
==========

The 49 AHI participants did not differ from control participants in terms of age or education (p \> 0.05), however there were proportionally more females in the control group (p \< 0.001) [Table 1](#t0005){ref-type="table"}. The AHI group had a mean (SD) CD4 count of 421(234) cells/mm^3^ plasma HIV RNA of 6.07(1.1) log~10~ copies/mL and estimated duration of infection of 20(5.5) days. Most AHI participants were classified into primary Fiebig stages I (6%), II (20%), and III (61%) with 46 (86%) participants showing signs of acute retroviral syndrome defined by a standardized checklist and completed by a physician. Participants grouped as Fiebig I/II had higher CD4:CD8 ratios \[1.12(0.4) vs. 0.66(0.5)\] and lower plasma log~10~ HIV RNA \[5.53 ([@bb0115]) vs. 6.3 ([@bb0115])\] compared to participants in Fiebig III-V (p \< 0.05). However, NPZ-4, CD4, and CD8 between Fiebig stages I/II and III-V did not reach significance (p \> 0.05). The AHI group with brief exposure to ART had no differences in demographic or clinical variables compared to those without ART initiation (all p \> 0.05) .Table 1Participant demographics and baseline information.Table 1AHI participantsHIV uninfected*p*-valueNumber of participants4923Age, Mean(SD)30(9.9)30(5.5)0.862Sex male/female49/018/5\< 0.001Education (% with bachelor\'s degree)55%39%0.208Estimated days of infection, Mean(SD)20(5.5)----Fiebig stage I, *n*(%)3(6)----Fiebig stage II, *n*(%)10(20)----Fiebig stage III, *n*(%)30(61)----Fiebig stage IV, *n*(%)4(8)----Fiebig stage V, *n*(%)2(4)----Acute retroviral syndrome, *n*(%)42(86)----AHI administered ART before time of MRI, Mean(SD) days on ART before MRIn = 23,----2(1.1)CD4 cells/mm^3^, Mean(SD)421(234)----CD8 cells/mm^3^, Mean(SD)718(538)----CD4:CD8, Mean(SD)0.8(0.5)----Plasma log~10~ HIV RNA, Mean(SD)6.1(1.1)----Self-reported drug use in last 4 months, n (%)9 (18)----NPZ-4, Mean(SD)[a](#tf0005){ref-type="table-fn"}0.2(0.8)----[^2][^3]

3.1. DTI {#s0090}
--------

Examining all HIV infected participants as a group regardless of ART exposure, we found no statistically significant differences between AHI and controls in each of the DTI metrics ([Fig. 1](#f0005){ref-type="fig"}, FA, MD, RD, and AD). Specific ROIs chosen a priori also yielded no statistically significant differences between AHI and controls.Fig. 1No statistically different DTI indices between AHI and HIV uninfected controls: AHI exhibited no statistically significant differences in DTI metrics (FA, MD, RD, AD) compared to uninfected controls. Statistical map shown overlaid on tract based skeleton mask where comparisons were made in cyan (no voxels indicated p \< 0.05, corrected for family wise error).Fig. 1

Diffusion indices were unrelated to HIV RNA, CD4 cell counts, CD8 cell counts, CD4:CD8 ratios or NPZ-4 (ART exposed and non-exposed) (all p \> 0.05). Within the AHI group, ROIs included the superior longitudinal fasciculus, corona radiata, corpus callosum (total, genu, body, and splenium). ROI analyses revealed a modest elevation in the body of the corpus callosum in the ART exposed group compared to the unexposed group (Supplementary Fig. 2, p = 0.046).. Voxelwise analyses revealed higher FA and lower RD and MD bilaterally encompassing areas in the corpus callosum, corona radiata, and superior longitudinal fasciculus in the group with brief exposure to ART compared to those without (Supplemental Fig. 3,TFCE, p~FWE~ \< 0.05).Fiebig analyses comparing early versus late groups resulted in small clusters of higher mean diffusivity in early versus late stages (Supplemental Fig. 4, TFCE, p~FWE~ \< 0.05). ROIs were unrelated to Fiebig status in all DTI metrics (FA, MD, RD, AD, each p \> 0.05).

3.2. rsFC {#s0095}
---------

The group analysis revealed reduced functional connectivity between left parahippocampal cortex of the DMN and left middle frontal gyrus in the AHI group compared to controls ([Table 2](#t0010){ref-type="table"}, [Fig. 2](#f0010){ref-type="fig"}, p~FWE~ \< 0.002). There were no statistically significant group differences in rsFC for any other cortical or subcortical striatal network seeds. Within the AHI group, exposure to ART and Fiebig stage (early versus late) were unrelated to rsFC (each p~FWE~ \> 0.002).Table 2Coordinates for cortical and subcortical networks used in resting-state analyses.[a](#tf0010){ref-type="table-fn"}Table 2NetworkSeedsCoordinatesCortical networksDefault mode network (DMN)[a](#sp0045){ref-type="p"} Medial prefrontal cortex (mPFC)1, 40, 19 Posterior cingulate/retrosplenial cortex (PCC)-1, −53, 25 Left inferior parietal lobule (L IPL)−45, −70, 24 Right inferior parietal lobule (R IPL)53, −68, 25 Left hippocampal formation (L HF)−23, −25, −16 Right hippocampal formation (R HF)23, −25, −16 Left parahippocampal cortex (L PHC)−25, −40, −14 Right parahippocampal cortex (R PHC)25, −40, −14Fronto-parietal network (FPN)[b](#tf0015){ref-type="table-fn"} Left intraparietal sulcus (L IPS)−31, −63, 42 Right intraparietal sulcus (R IPS)30, −65, 39 Left dorsolateral prefrontal cortex (L dlPFC)−43, 21, 38 Right dorsolateral prefrontal cortex (R dlPFC)43, 21, 38Cingulo-opercular network (CON)[b](#tf0015){ref-type="table-fn"} Left anterior insula/frontal operculum (L aIfO)−35, 14, 6 Right anterior insula/frontal operculum (R aIfO)36, 16, 5 Dorsal anterior cingulate/mesial frontal cortex (dACC/msFC)−1, 8, 50  Subcortical striatal networks[c](#tf0020){ref-type="table-fn"} Bilateral dorsal caudate (DC)±13, 15, 9 Bilateral dorsal caudal putamen (DCP)±28, 1, 3 Bilateral dorsal rostral putamen (DRP)±25, 8, 6 Bilateral ventral rostral putamen (VRP)±20, 12, −3 Bilateral ventral striatum inferior (VSi)±9, 9, −8 Bilateral ventral striatum superior (VSs)±10, 15, 0[^4][^5][^6][^7]Fig. 2Reduced rsFC in AHI versus uninfected controls.AHI exhibited reduced rsFC between left parahippocampal cortex (L PHC) of the default mode network and left middle frontal gyrus. Images from left to right: L PHC rsFC for the AHI group; L PHC rsFC for the uninfected control group; Group difference map showing significantly reduced connectivity in AHI as compared with uninfected controls (AHI-Controls) (p \< 0.001 uncorrected, pFWE \< 0.002, \*significant after Bonferroni-correction). Results are displayed on the group average structural MRI in MNI template space. Color bar indicates uncorrected *t* values.Fig. 2

Regarding clinical variables in the AHI group, a higher baseline CD4 cell count was associated with increased, thus better, rsFC between right lateral parietal cortex of the DMN and left precuneus ([Table 3](#t0015){ref-type="table"}, [Fig. 3](#f0015){ref-type="fig"}A, p~FWE~ \< 0.002). Similarly, higher CD4 count was associated with greater rsFC between right parahippocampal cortex of the DMN and right inferior occipital gyrus ([Table 3](#t0015){ref-type="table"}, [Fig. 3](#f0015){ref-type="fig"}B, p~FWE~ \< 0.002). Better performance on the NPZ-4 was associated with greater rsFC between bilateral dorsal caudate and right inferior parietal lobule ([Table 3](#t0015){ref-type="table"}, [Fig. 3](#f0015){ref-type="fig"}C, p~FWE~ \< 0.002). There were no associations between rsFC and the other clinical variables, including HIV RNA, CD8 cell counts, or CD4:CD8 ratios.Table 3All regression results from resting-state analyses.Table 3Seed ROICluster locationMNI coordinates (x, y, z)Cluster size (voxels)t-valueAHI versus ControlsL PHCL. middle frontal gyrus overlapping with dlPFC−49, 10, 40187−5.56  AHI only group where rsFC was associated with cd4 countR LatParL. precuneus−19, −76, 245196.02R PHC*R. inferior* occipital gyrus35, −74, −105185.50  AHI only group where rsFC was associated with NPZ-4B DCR. inferior parietal lobule41, −34, 322144.89[^8]Fig. 3Blood biomarkers and neuropsychological performance associate with rsFC in AHI.A. *Top,* Greater rsFC between right lateral parietal seed and left precuneus associated with greater CD4 counts; *Bottom*, scatterplot shows the relationship between right lateral parietal-left precuneus connectivity values and CD4 count. B. *Top*, Greater rsFC between right parahippocampal seed and right inferior occipital gyrus associated with greater CD4 count; *Bottom*, scatterplot shows the relationship between right parahippocampal-right inferior occipital connectivity values and CD4 count. C. *Top*, Greater rsFC between the bilateral dorsal caudate seed and right inferior parietal lobe associated with greater NPZ-4 global scores; *Bottom*, scatterplot shows the relationship between bilateral dorsal caudate-right inferior parietal connectivity values and NPZ-4 global scores. p \< 0.001 uncorrected, p~FWE~ \< 0.002, \*significant after Bonferroni-correction. Results are displayed on the group average structural MRI in MNI template space.Fig. 3

4. Discussion {#s0100}
=============

This study aimed to examine brain structure and functional connectivity in AHI compared to demographically similar uninfected controls. We identify relatively preserved brain integrity using DTI and rsFC in a group of AHI individuals compared to matched uninfected controls. Group comparisons identified no statistically significant differences between AHI and controls using quantitative white matter integrity measures. However, we found marginal but statistically significant better white matter integrity among participants who had a very brief exposure to ART compared those who were imaged just prior to starting ART. In contrast, AHI individuals exhibited reduced functional connectivity between the parahippocampal cortex of the DMN and the left middle frontal gyrus, with no differences by ART exposure. Overall, these results suggest largely preserved brain function and integrity during AHI and premise for the preservation of brain integrity during chronic HIV through early and persistent viral suppression with ART. Within AHI, higher CD4 count and neuropsychological performance was associated with increased rsFC of DMN and dorsal caudate network regions respectively.

Though there were no differences in DTI between AHI and controls in either voxelwise of ROI analyses, we did note differences by treatment status, even though treatment generally involved only a few doses of medications. In other acute and primary cohorts, Cao et al. report differences in the corpus callosum as early as 4 months of infection, with Wright et al. showing relatively preserved diffusion in primary HIV compared to uninfected controls ([@bb0040]; [@bb0290]). Our group wise analyses showed no differences by HIV status, however this may be reliant on DTI\'s sensitivity to detect nuanced changes in microstructure within only days to weeks after infection versus a differential sensitivity and earlier detection in resting state modalities. Future longitudinal studies would be better positioned to define microstructural abnormalities and establish a timeline of diffusion and resting state patterns from acute to primary to chronic HIV. Here, those with brief exposure to ART, exhibited higher FA and lower MD and RD in the callosum and regions of the corona radiata that suggest improved integrity (preserved directional flow and limited overall diffusion) for those on ART ([@bb0060]; [@bb0225]). These trends in those briefly exposed to treatment suggest that early neuropathogenic mechanisms operative within days of infection are moderated by ART. Though we do not hypothesize that very brief exposure to ART would significantly modulate DTI metrics, these comparisons were completed to ensure that the results were not significantly moderated by variability in treatment. Alternatively ART may directly drive these changes and therefore any causal model is speculative. AHI is also associated with a substantial host immune response and alterations in choline by MRS, implying the possibility that inflammation drives these measures ([@bb0255]).

Reduced connectivity between the parahippocampal gyrus of the DMN and left middle frontal gyrus in AHI is consistent with a recent study showing diminished rsFC within the DMN using independent component analysis in treatment naïve individuals with early to chronic HIV (1--120 months after infection) ([@bb0315]). Similar reductions in rsFC of the DMN have also been reported in chronic HIV ([@bb0165]; [@bb0240]; [@bb0105]). Other studies using magnetoencephalography have also found reductions in beta oscillations of DMN regions at rest in older adults with chronic HIV ([@bb0030]). Our findings are also relevant to other studies in chronic HIV populations showing altered rsFC or integration between the DMN and the FPN, which includes the middle frontal gyrus ([@bb0240]; [@bb0245]). More broadly, the parahippocampal gyrus has been implicated as an entry site of varicella-zoster virus ([@bb0205]). This common finding across neurovirulent viruses might raise the possibility of the parahippocampal gyrus serving as an early site of infection or entry point for HIV. Autopsy studies of individuals on ART at the time of death demonstrate substantial macrophage infiltration in these regions ([@bb0025]). Prior work by members of our team revealed HIV viral RNA in the CSF within 8 days of infection and significant correlations between viral detection and elevated levels of central inflammation ([@bb0255]; [@bb0200]). The presence of the virus in the brain very soon after infection provides a neural substrate for altered brain integrity. rsFC is highly sensitive to these initial dynamics of neural injury, with microstructural and macrostructural abnormalities expected to occur subsequently in the absence, or despite, initiation of antiretroviral therapy. In the present study, reduced rsFC of the parahippocampal gyrus in AHI could be explained either by direct neuronal injury, by indirect neuronal dysfunction due to macrophage and microglial activation, by astrocyte dysfunction associated with the virus or due to a type 1 statistical error (due to the number of reported comparisons). Further longitudinal studies will be needed to investigate the relationship between this early minor dysfunction in rsFC in AHI and more extensive structural and functional imaging abnormalities identified in chronic HIV. Within the AHI group, we found that better global neuropsychological performance was associated with greater rsFC between dorsal caudate and right inferior parietal lobule. Our finding is relevant to a previous study revealing a similar relationship between neuropsychological performance and rsFC of a lateral occipital network which included the inferior parietal cortex using independent component analysis in individuals recently infected with HIV (\~1 year of exposure) ([@bb0260]). The results are also consistent with a study showing a positive correlation neuropsychological performance and alpha activity in the postcentral gyrus in older adults with chronic HIV using magnetoencephalography ([@bb0275]). Together, these results suggest that alterations in large scale network connectivity, in particular decreased rsFC with inferior parietal cortex, may be a marker of impaired cognitive performance in chronic HIV.

A few limitations merit discussion. Longitudinal data may offer the best approach to best elucidate changes that occur during the course of initial HIV transmission. Our cross-sectional data serve as a foundation for these studies and highlight one limitation to the present work. Additionally, while randomizing AHI participants to ART would have would further described the CNS impact of treatment in AHI, this was not possible, as early ART can reduce the size of the latent viral reservoir and withholding treatment is not consistent with current treatment guidelines ([@bb0005]). Although the majority of all participants were male, sex differences were not adjusted due to unbalanced proportions of females to males between AHI and the control group. Sensitivity analyses were completed to determine whether the pattern of results were maintained after restricting cases to male participants. No differences in outcomes were observed for the DTI comparisons. The resting state outcomes mirrored the results based on the full sample, though the effect was reduced.. Despite the strengths, we also recognize the limitations inherent in using atlas based registration approaches for neuroimaging analyses. In addition, image processing techniques and post processing steps may influence detectability of subtle differences. We attempted to mitigate these effects by using validated approaches by prior investigators. High-dimensional normalization using the full tensor features was employed to help improve alignment of white matter tracts and reduce confounding effects of shape differences ([@bb0305]). For the present study, we focused on rsFC for nine cortical and subcortical networks that have previously been implicated in HIV ([@bb0260]; [@bb0130]; [@bb0165]; [@bb0240]; [@bb0315]; [@bb0245]). However, future resting-state fMRI studies using data-driven approaches, such as independent component analysis, will be necessary to determine whether rsFC is altered in other resting-state networks in acute HIV.

We must also consider the possibility that the analyses were limited by a small sample size, despite this report including a substantial number of people with AHI compared to the published literature. Few studies provided consensus on neuroimaging signatures in initial HIV disease, with a gap in knowledge regarding brain integrity in AHI during the earliest stages of infection. In this critical stage after HIV infection and optimal treatment was administered, our multimodal MRI analyses reflected absence of widespread abnormalities between AHI and controls indicating relatively preserved brain integrity. The lack of substantial findings is further supported by prior reports that large structural changes and CSF neurofilament light chain abnormalities are not found during this stage ([@bb0170]). Instead, our findings illustrate only subtle differences in white matter diffusion and rsFC. Further longitudinal studies are warranted to explore the evolution of brain injury despite maximal treatment and determine if early ART is sufficient to prevent brain dysfunction.
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[^1]: Co-first authors.

[^2]: All *P* values were obtained with 2 sample t-tests or chi-squared tests for continuous and categorical variables, respectively.

[^3]: NPZ-4 available for 45 participants.

[^4]: All seed ROIs are reported in Montreal Neurological Institute (MNI-152) template space.

[^5]: Default mode network seeds were selected from [@bb2000].

[^6]: fronto-parietal and cingulo-opercular seeds were selected from [@bb3000].

[^7]: subcortical striatal network seeds were selected from [@bb0070].

[^8]: All regression results were significant at the whole-brain level (p~FWE~ = 0.002, uncorrected p = 0.001, Bonferroni-corrected for number of seed ROIs). Abbreviations: L PHC = left parahippocampal cortex; DMN = default mode network; R LatPar = right lateral parietal cortex; R PHC = right parahippocampal cortex; B DC = bilateral dorsal caudate; L = left; R = right; dlPFC = dorsolateral prefrontal cortex; NPZ-4 = global neuropsychological performance measure.
